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Introduction
Microalgae has been at the center of attention during the past decades for its potential as a source of feedstock for biofuel production (Razon and Raymond, 2011) as well as other industrial applications (Carlsson et al., 2007) . With the growing concern over carbon dioxide emission, sensible effects of global warming, and shortage of fossil fuel resources, this potential has been taken into serious consideration by governments and policy making agencies investing millions of dollars for research on commercialization of this technology (Sheehan et al., 1998) . However, the feasibility of this technology as a future source of energy at a global scale requires significant increases to be achieved in algal productivity in order to generate sufficient feedstock to meet the increasing demands (US DOE, 2010).
Both biomass and lipid productivities are species-dependent at the first glance. However, environmental factors such as substrate type, nitrogen content of the media, metal elements, illumination scheme, cultivation strategy, and photobioreactor configuration could also influence the final productivities to a high extent. Numerous efforts have been reported on enhancement of biomass and lipid productivities through adjustment of these environmental factors (Mata et al., 2010; Pittman et al., 2011) .
Changing environmental factors imply a "two-stage" cultivation in which conventional culture is perturbed by means of different strategies including nitrogen depletion, intense illumination, elemental supplements, etc; and consequently lipid accumulation in algal cells is stimulated under stress conditions. This approach has been adopted in many studies to improve lipid and biomass productivities. Total fatty acid was reported to increase from 86.2 mg/g cell to 137 mg/g cell in a 6-day batch culture when nitrogen content was reduced to 3% of dry weight (Richardson et al., 1969) . Lownitrogen media contributed to an overall increase in lipid content from 6% to 62% in different studies (Illman et .s under 15:9 lightdark cycles contributed to 50% increase in cell density from 0.8×10 7 cell/mL to 1.2×10 7 cell/mL (Tang et al., 2011) . Controlled conditions at 60 µmol photons/m 2 .s along with other parameters led to a biomass productivity of 40 mg/L.d (Lv et al., 2010) . Optimization of media in terms of major components such as metal elements (Mandalam and Palsson, 1998) , and specifically iron , potassium, and magnesium (Tran et al., 2010) increased lipid content to 56.6% and lipid and biomass productivities to 190 mg/L.d and 304 mg/L.d; respectively. In a recent study, medium optimization resulted in high lipid content of 59.6% and lipid productivity of 74 mg/L.d obtained under 750 mg/L nitrogen content and zero phosphorous content while iron was supplemented as well (Singh et al., 2015) . Sufficient phosphorous concentration under nitrogen limitation condition could improve biomass production as high as nitrogen sufficient conditions (Chu et al., 2013) .
Another aspect of the two-stage cultivation is switching from photoautotrophic algal growth to heterotrophic growth. The first studies on heterotrophic algal growth, with 10 g/L glucose supply, reported an increase in lipid content of Chlorella protothecoides from 15% to 55% (Miao and Wu, 2006) . Under three organic carbon sources including glucose (1% w/v), acetate (1%w/v), and glycerol (1% w/v), C. vulgaris achieved biomass productivity of 254 mg/L.d and lipid productivity of 54 mg/L.d on glucose with light (mixotrophic) which was 19 folds and 14 folds higher than biomass and lipid productivities obtained in the same culture with merely air bubbling into the medium, respectively (Liang et al., 2009 ). However, lipid content decreased from 38% to 21% at the same condition. In another attempt on heterotrophic algal production, C. vulgaris was grown heterotrophically to reach higher cell densities, and then was diluted and subjected to a light environment for photoinduction. Using this strategy, after 12 h of illumination, biomass productivity reached 3333 mg/L.d and lipid productivity was 85 mg/L.d while lipid content of 25% was obtained . In a similar work, after seeding C. vulgaris in a heterotrophic medium, the production culture was inoculated resulting in biomass and lipid productivities 1.48 and 1.42 times higher than those with photoautotrophic seed, respectively . Biomass productivity in seed culture was 25.2 times higher than those obtained by photoautotrophy.
The two-stage strategy was applied to 5-liter bioreactors and cell productivity increased from 24×10 6 cell/mL.d under phototrophic condition to 178×10 6 cell/mL.d under heterotrophic condition (Zheng et al., 2012) . Although heterotrophic conditions improve biomass and lipid productivities significantly, this cultivation method does not appeal to algal industry too much as it requires supply of suitable feedstock such as lignocellulosic sugars which makes this technology costly (US DOE, 2010). Thus, autotrophic processes are still the main cultivation method particularly at large-scale operation.
In this study, as an alternative two-stage approach, a new strategy for improving biomass and lipid productivities of C. vulgaris based on a photoautotrophic cultivation scheme is proposed. This strategy relies on differing the inoculation (seed) culture from the production culture. Unlike the conventional cultivation scheme in which algal cells are grown in a medium and then inoculated in the same medium in higher volumes (usually 5-10% vol), in this proposal algal cells are grown in a medium and then are harvested and inoculated in a different medium in higher volumes with different composition. It is worth mentioning that the choice of the two media and their compositions is a key factor.
Materials and Methods

Algal Strain
Chlorella sp. has been reported as the most suitable photoautotrophic microalgae for biofuel production due to its high productivity of fatty acids relevant to transesterification reaction (Hempel et al., 2012) . These species are photosynthetic single cell green algae which are also used for body detox and human nutrition. Thereby, C. vulgaris was used as the working organism in this study. It was purchased from the Algae Culture Collection of Research Center for Basic and Applied Science at the University of Shahid Beheshti, Tehran, Iran.
Materials
Chemicals used in this study were all obtained from Merck Chemicals (Germany). Two media were used in this study. The Shuisheng-4 medium 
Culture conditions
Cells were grown in 500 ml Erlenmeyer flasks containing 400 mL culture medium. The medium and flasks were sterilized in an autoclave for 15 min at 121 o C in order to prevent any contamination during stages of growth. Culture at 25 o C was illuminated with cool white fluorescent lamps at an intensity of 3500 lux (equivalent to 40 µmol photon/m 2 .s) in 16:8 h light-dark cycles. Air and pure CO2 (purity >99%) were mixed with approximately 1% CO2 and passed through a filter for sterilization and then bubbled into the solution. The aeration rate was measured using a rotameter (LZB-4WB), setting on 0.5 L/min. The pH of both media was adjusted to 7 using NaOH and HCl at the beginning and monitored throughout the experiment. To prepare inoculants, algal growth continued until the midst of exponential phase, i.e., approximately 44 h (including lag phase) for SH4 medium and approximately 80 h (including lag phase) for N8 medium. Next, a volume equivalent to 10% of the production medium was centrifuged at 4300 rpm for 25 min to harvest cells. Then, the cell mass was washed twice with distilled water and re-suspended with production medium. In cases where inoculation and production media medium from production medium. Biofuel Research Journal 10 (2016) were the same, cell harvesting was ignored and inoculation was performed directly. In production medium, growth continued until late-exponential phase where optical density of the broth stayed nearly constant.
Growth evaluation and biomass productivity
After inoculation with 10% of the working volume of production medium, algal growth was determined by measuring optical density at 680 nm using a UNICO UV-VIS 2100 spectrophotometer (Unico Inc, Shanghai, China). One mL of sample was removed from culture broth in a sterile fashion and poured into a glass cuvette. Fresh medium was used as control. In order to confirm the relationship between optical density and growth, cell count was also performed. For each sample, 1 mL of algal suspension was removed through sampling tube and direct count was performed using Neubauer homocytometer under light microscope.
To determine the dry cell weight of the culture, 200 mL of culture broth was centrifuged at 4300 rpm for 25 min. Cells were washed twice with distilled water. Then, biomass was poured into an aluminum pre-weighted dish and dried at 80 o C for 24 h. Biomass productivity was calculated as the ratio of dried biomass per volume per incubation time.
Lipid content and productivity
Algal broth at the late-exponential growth phase was divided into two aliquot parts. One part was utilized for cell dry weight measurement and the other part for lipid extraction. It was performed gravimetrically based on a method adapted from Bligh and Dyer (1959 Lipid productivity is a factor related to lipid content and biomass productivity. It was calculated as follows (Eq. 2):
Where PLipid is lipid productivity, CLipid is lipid content of cells, DCW is dry cell weight, and t is the cultivation period (d).
Scheme of experiments
Experiments were conducted in four different schemes as stated in Table  1 . SH4 as production medium inoculated with seed cells grown in SH4 as inoculation medium (SH4/SH4), N8 as production medium inoculated with seed cells grown in N8 as inoculation medium (N8/N8), SH4 as production medium inoculated with seed cells grown in N8 as inoculation medium (SH4/N8), and N8 as production medium inoculated with seed cells grown in SH4 as inoculation medium (N8/SH4). The two schemes in which production and inoculation media were the same were utilized as control for the evaluation of the other two schemes. 
Results and Discussion
To investigate the effect of differing the inoculation medium from the production medium, two well-known culture media were adopted for growth of C. vulgaris in this study, i.e., N8 and SH4. The two media contained all the essential components required for the growth of C. vulgaris (Šoštarič et al., 2009 ). They were selected based on their quantitative elemental differences and their impacts on algal growth. Comparison of the media indicated that in N8, nitrogen source is in the form of nitrate while in SH4, it is in the form of ammonium. Carbon dioxide is the only carbon source in N8, whereas carbon dioxide and sodium bicarbonate are two carbon sources contained in SH4. Nitrogen content of N8 is 9.93 mM while it is 1.5 mM in SH4 that is 6.6 folds less than that of N8 due to the higher concentration of KNO3 in N8 medium. Phosphorous content of the two media are significantly different as N8 has the phosphorous concentration of 6.8 mM while SH4 contains 0.18 mM of elemental phosphorous. In terms of essential ions, the two selected media are approximately the same. Differences in carbon and nitrogen sources directly affect growth and lipid production which in turn change biomass and lipid productivities.
Under the four different cultivation schemes, the growth curves were initially investigated as presented in Figure 1 . As seen in this figure, the time length of growth phases for two media were different. Using SH4 as production medium, the log phase took 88 h to complete while it took 160 h when N8 was used as production medium. In cases where production and inoculation media were different, optical density at the end of the growth phase reached 1.5 in N8 medium. The optical density reached 0.7 over the course of 160 h in N8 medium where inoculation and production media were the same. This showed a two-fold increase in optical density using a different inoculation culture. This was the case for SH4 production medium in which changing the inoculation medium from SH4 to N8 caused an increase in optical density from 0.45 to 0.7 in 88 h. According to . productivities increased by 130% (from 150 to 350 mg/L) and 44% (from 45 to 65 mg/L), respectively, using SH4/N8 in comparison with SH4/SH4. In cases where N8 was the production medium (comparison between N8/N8 and N8/SH4) the biomass and lipid productivities increased by 82% (from 250 to 455 mg/L) and 40% (from 88 to 123 mg/L), respectively. These figures indicated that when the production medium was different from the inoculation medium, biomass and lipid productions boosted significantly.
Close examination of the observations revealed that for the enhancement of biomass production, differing the production medium from the inoculation medium was an effective strategy. Specifically SH4/N8 scheme was the best choice where biomass productivity increased by 2.3 folds. For lipid production enhancement, the same strategy was efficient in both SH4/N8 and N8/SH4 schemes and the lipid productivity was improved by 40%-44%. Examination of the productivities shown in Table 3 indicated that in N8/N8 and SH4/SH4 schemes of cultivation (identical production and inoculation media), lipid and biomass productivities were not significantly different; 13.2 vs. 12.3 mg/L.d for lipid productivity, and 37.5 vs. 40.9 mg/L.d for biomass productivity, respectively. In the two other schemes of cultivation, however, i.e., SH4/N8 and N8/SH4, the lipid and biomass productivities increased remarkably as in SH4/N8, biomass productivity reached 95. (Fig. 2) . The above-mentioned strategy, however, caused adverse effect on lipid content as seen in Figure 2 . It was observed that lipid production increased while lipid content decreased. Theoretically, it was because increases in biomass production outweighed increases in lipid production and consequently lipid content decreased. In SH4/N8 culture, for example, "cumulative lipid production" increased by 44% from 45 mg/L to 65 mg/L (see Table 2 ), whereas "lipid production per cell" decreased approximately by 5% compared with SH4/SH4. The relationship between optical density and cell number was measured according to Equation 3:
Where y is the cell number when it is multiplied by 10 6 , and OD is optical density. Similarly, in N8/SH4 culture, "cumulative lipid production" increased by 40% from 88 mg/L to 123 mg/L (see Table 2 ) while "lipid production per cell" decreased approximately by 33% compared with N8/N8. Thus, increase in lipid production was due to the substantial increase in cell number and biomass rather than lipid production in a single cell. As a result, lipid content decreased while lipid productivity increased. The same observation was made in a study where growth under nutrient-rich conditions followed by cultivation under nitrogen starvation and controlled conditions of phosphate, light intensity, aeration, and carbon source was investigated (Mujtaba et al., 2012) . In their study, lipid content decreased from 53% under nutrient-rich to 43% under nitrogen starvation while lipid productivity increased from 77.1 mg/L.d to 77.8 mg/L.d. It should be noted that in both cultivation schemes i.e., SH4/N8 and N8/SH4 lipid content decreased and lipid productivity increased. This observation indicates that nitrogen concentration of the media could not be the sole reason for lipid production alteration. Other factors such as phosphorous content, chemical form of nitrogen, i.e., ammonium vs. nitrate, and metal elements may also contribute to the improvement of lipid productivity and reduction of lipid content. This fact along with the continuous addition of carbon dioxide into the medium in excess with mass transfer limitation contributed to a longer growth phase in N8 (see Fig. 1 ). Suitable buffering capacity of N8 medium also might have contributed to the longer growth phase. The pH of the solution did not drop during growth phase (~7) indicating that all CO2 supplementation was converted to carbohydrate rather than proton. As shown in Figure 3 , removing carbon dioxide from the process as the sole carbon source significantly reduced biomass production while pH did not change. This was the evidence that CO2 was predominantly fixed for biomass production. In SH4 medium two carbon sources were available, i.e., carbon dioxide and sodium bicarbonate. Concentration of bicarbonate Table 4 tabulates specific growth rates in the four cultivation schemes. As presented, in SH4/SH4, specific growth rate was 45% higher than in N8/N8 scheme (0.0058/h in SH4/SH4 compared with 0.0040/h in N8/N8). This was while growth phase in N8 medium was twice longer than that in SH4 medium. Growth rate in each medium depends on both carbon and nitrogen sources. Carbon dioxide was the only carbon source in N8 medium which was bubbled into the medium with air. The N8 is a nutritious medium that contains more nitrogen than SH4 but in the form of nitrate (1000 mg/L potassium nitrate in N8 vs. 200 mg/L ammonium sulphate in SH4). Basically, ammonium is the inorganic nitrogenous form that is easier to assimilate, since nitrate has to be reduced to ammonium prior to uptake (Richardson et al., 1969) . in this solution was 100 times more than that of CO2 while pH was the final factor that determined which carbon source was consumed in the solution.
As seen in Figure 4 , removing CO2 from the medium did not noticeably change biomass concentration at the end of the growth phase due to the presence of bicarbonate but the growth levelled off at 65 h. However, the presence of CO2 in the medium contributed to longer growth phase to 88 h with approximately the same biomass concentration.
Inoculation of N8 production medium with seed cells grown in SH4 significantly increased growth rate from 0.0040/h to 0.0122/h as well as biomass and lipid productivities. Cells already grown in SH4 were introduced in the high nitrogen content and nutritious N8 medium in which underwent a metabolic stress. This metabolic stress enforced protein and biomass production pathway, i.e., route 1 in Figure 5 , resulting in higher biomass productivity while lipid production was suppressed due to higher nitrogen concentration. More biomass production compensated lower lipid content and consequently lipid productivity increased. It is indicated that under nutrient limitation stress condition there is a negative correlation between growth rate and lipid content (Roleda et al., 2013) . Inoculation of SH4 medium with seed cells grown in N8 put cells in an environment with low nitrogen but in form of ammonium that was easier to uptake (Von Ruckert and Giani, 2004) . This situation increased biomass production because of the change in metabolism and improved specific growth rate from 0.0058/h to 0.0083/h. Lipid production was inhibited in the presence of ammonia and metabolism was conducted toward biomass production through route 1 in Figure 5 . Thus, biomass concentration reached higher values in a shorter period of time (approximately 88 h) resulting in higher lipid and biomass productivities due to higher cell concentration as reported in Table 3 . During this period, biomass productivity underwent a 2.3-fold increase. The drop of pH from 7 to approximately 3.3 after this time, was due to the accumulation of protons as a result of assimilation of ammonium.
Close examination of changes in cell number as well as lipid and dry weight content of the cells in Table 5 revealed that the best cultivation scheme for lipid productivity and specifically biomass productivity enhancement was SH4/N8 scheme. As seen in Table 5 , in cases where SH4 was the production medium, inoculants from N8 culture not only increased the cell number by 52%, but also increased "dry weight per cell" as high as 54% compared with inoculants from SH4 culture. This alteration led to a 2.33-fold improvement in biomass productivity. Simultaneously, inoculants from N8 increased lipid productivity by 44% compared with inoculants from SH4, "lipid production per cell' decreased by 5% though. Interestingly, in cases where N8 was the production medium, inoculants from SH4 culture increased the cell number by 109%, while, both "lipid production per cell" and "dry weight per cell" decreased by 33% and 13%, respectively, compared with inoculants from N8 culture. Combination of these changes resulted in 82% improvement in biomass productivity as well as 40% improvement in lipid productivity.
Overall, this analysis indicated that inoculation of a medium such as SH4 or N8 with seed cells from another medium improved biomass and lipid productivities. The choice of inoculation medium, however, was shown to be important as the SH4/N8 cultivation scheme improved biomass and lipid productivities to a higher extent compared with the N8/SH4 cultivation scheme. This method of algal cultivation has potential to be applied at commercial scale. On one hand, this technique is all about improvement of biomass and lipid productivities and it should be noted that lipid productivity is a more indicative index of total lipid production than lipid content from the commercial standpoint (Griffiths and Harrison, 2009 ). On the other hand, it imposes no additional cost on the large-scale operation expenses while the extent of improvement is significant in terms of lipid productivity (40-44%) and specifically biomass productivity (2.3 folds). Compared with the other two-stage approaches that provide stress conditions to increase lipid and biomass production, this technique may be too appealing to the industry to be ignored.
Conclusions
Production of microalgae C. vulgaris in a culture medium that was inoculated with cells grown in a different medium was proved to be an effective strategy to improve biomass and lipid productivities. This strategy was employed using two well-known algal media, i.e., SH4 and N8 and the results indicated that in SH4 production medium inoculated with cells grown in N8, biomass productivity increased by 2.3-folds and lipid productivity increased by 44% compared with the case where SH4 production medium inoculated with cells grown in the same medium. The extent of improvement in biomass and lipid productivities was remarkable with regard to the fact that no major changes were needed to be applied to a conventional photoautotrophic algal cultivation. Other algal media and . their combinations for cultivation need to be examined for such a potential productivity improvement.
